gene and the ␤GK gene contain many similar cis ele-
ments (Shelton et al., 1992; Leibiger et al., 1994a, 1994b;
insulin gene, the addition of 20 U per ml was required to Watada et al., 1996) . To test whether transcription of gain an effect on ␤GK promoter activation ( Figure 2E ). ␤GK is regulated by similar mechanisms as the insulin Stimulation with 5 mU of insulin per ml of culture medium gene, we studied the role of glucose and insulin in regufor 5 min led to an ␤GK promoter-driven increase in lation of ␤GK mRNA steady-state levels. Stimulation of GFP fluorescence in isolated primary pancreatic ␤ cells cultured islets ( Figure 1A ) or insulin-producing HIT-T15 ( Figure 2C ), HIT cells, and intact pancreatic islets (data cells with 16.7 mM glucose led to an increase in ␤GK not shown). mRNA levels 60 min following start of stimulation. This is Thus, our data support the view that the insulin gene similar in time course to the effect of glucose to stimulate and the ␤GK gene are both stimulated by insulin seinsulin mRNA levels (Leibiger et al., 1998a (Leibiger et al., , 1998b . creted in response to glucose. Interestingly, a higher To define in more detail the dynamics of ␤GK mRNA, concentration of insulin is needed to activate ␤GK tranwe analyzed the half-life time, stability, and transcripscription when compared with the insulin gene. tional rate of the ␤GK mRNA pool. As shown in Figure  1B , 1994a, 1994b ; Wato the green fluorescent protein (GFP) (pr␤GK.GFP). We tada et al., 1996) and both genes respond positively to used the rat ␤GK promoter fragment up to nucleotide many of the same stimuli (glucose, insulin, secreta-Ϫ278, since this has been shown to contain all cis elegogs) at the level of transcription, we questioned whether ments responsible for both glucose-dependent and cellboth genes might be regulated by the same signaling type-specific transcriptional control (Jetton et al., 1994, pathway. 1998). Stimulation with 16.7 mM glucose led to an inTo test whether the same protein kinases that are crease in ␤GK promoter-driven GFP fluorescence in HIT involved in insulin-triggered insulin gene transcription cells, isolated primary pancreatic ␤ cells, and intact pancontribute to insulin-triggered transcription of ␤GK, we creatic islets ( Figure 1E ). As with the nuclear run-off studied the effect of pharmacological inhibitors on insuassay, the dynamics of the activation of ␤GK promoterlin-stimulated ␤GK promoter activity (Figure 3 ). We comdriven GFP expression were similar, if not identical, to bined insulin stimulation (5 mU/ml for 5 min at substimuthose of the glucose-stimulated insulin gene promoter latory glucose concentrations) with the cotreatment of (Leibiger et al., 1998a (Leibiger et al., , 1998b Figure 2 , stimulation with either 50 mM KCl or tion (data not shown). In agreement with the data on 1 M glibenclamide for 5 min, at substimulatory glucose insulin-stimulated insulin gene transcription, insulinconcentrations, led to an increase in ␤GK mRNA steadystimulated ␤GK transcription was not sensitive to inhibistate levels ( Figure 2A ) and to an elevation in ␤GK protion of PKC or MAP kinases Erk1/2 and p38 but was moter-driven GFP expression ( Figure 2C ). Alternatively, sensitive to inhibition of IR tyrosine kinase by HNMPApreventing stimulus-induced insulin secretion by block-(AM) 3 ( Figure 3A) . However, to our surprise, insulin-stiming L-type Ca 2ϩ channels using nifedipine abolished upulated ␤GK transcription was not inhibited by LY294002, regulation of ␤GK mRNA levels ( Figure 2B) . rapamycin, or autocamtide-2 related inhibitory peptide, We next studied the effect of exogenously adminissuggesting that signaling via PI3K/p70s6k and via CaMtered insulin on ␤GK mRNA steady-state levels and ␤GK KII, respectively, is not involved (Figures 3A and 3B ). promoter-driven GFP expression at substimulatory gluTo further confirm that insulin stimulates insulin gene cose concentrations (Figures 2D and 2E) . Addition of transcription and ␤GK transcription using different signalonly 50 U of insulin per ml to fully supplemented culture ing pathways, we established a technique that allowed medium was sufficient to evoke ␤GK mRNA levels in monitoring of insulin and ␤GK promoter activities simulpancreatic islets ( Figure 2D ). Interestingly, a more caretaneously in the same cell. In addition to pr␤GK.GFP, ful comparison of the necessary amounts of exogenous we generated an expression construct where the rat insulin to trigger promoter activities revealed that instead of 5-10 U of insulin per ml, as is the case with the insulin I promoter (Ϫ410/ϩ1 bp) controlled the expres- insulin-producing cells with the L-type Ca 2ϩ channel blocker nifedipine abolished glucose-induced activation (rapamycin), or CaMKII (autocamtide-2 related inhibitory peptide), we show that activation of the insulin promoter of PKB, as did inhibition of insulin signaling by HNMPA-(AM) 3 (data not shown). These data suggest that PKB is abolished (no increase in DsRed fluorescence). On the other hand, no effect on insulin-stimulated ␤GK prois activated in response to glucose-stimulated insulin secretion. Because of the lack of a selective pharmacomoter activity (increase in GFP fluorescence) was observed in the same cell ( Figure 3C ). logical inhibitor of PKB, we tested its involvement in insulin-stimulated ␤GK gene transcription by transiently Thus, insulin activates the ␤GK promoter by em- , supported the idea that signaling via IR is Interestingly, the activation of PKB has so far been shown to be dependent on the activity of PI3K (Vanhaesecrucial. Consequently, we examined whether the expression of IR per se is an absolute requirement for broeck and Alessi, 2000) and therefore to be sensitive to the independent pharmacological inhibitors wortmannin insulin-stimulated insulin and ␤GK gene expression. Therefore, we analyzed insulin and ␤GK mRNA levels in and LY294002. Whereas treatment of insulin-producing cells with 25 M LY294002 clearly abolished insulinresponse to glucose/insulin stimulation in isolated islets from ␤IRKO mice, a knockout model that lacks the exstimulated rat insulin I gene promoter activity, it did not block insulin-stimulated rat ␤GK promoter activity pression of IR specifically in the pancreatic ␤ cell (Kulkarni et al., 1999a). Stimulation with either 16.7 mM glu- (Figure 3) . When analyzing the effect of LY294002 on insulin-stimulated insulin and ␤GK promoter activity cose or 5 mU of insulin/ml led to an increase in both endogenous insulin and ␤GK mRNA levels in islets of in a dose-dependent manner in cells cotransfected with pr␤GK.GFP and prIns1.DsRed, we observed that wild-type mice, whereas no increase in insulin and ␤GK mRNA levels was observed in islets prepared from LY294002 inhibited the two promoters at different concentrations. Whereas 25 M LY294002 blocked insulin-␤IRKO mice ( Figure 5A ). These data suggest that the expression of the IR in pancreatic ␤ cells is an absolute stimulated insulin promoter activity, 100 M LY294002 was needed to completely abolish insulin-stimulated requirement to gain the stimulatory effect by insulin on both insulin and ␤GK gene expression and that signaling ␤GK promoter activity ( Figure 4D ). The effect of wortmannin was similarly concentration dependent. Treatvia IGF-I receptors is unlikely to be involved. This is consistent with the finding that activation of IGF-I recepment of cells with 50 nM wortmannin was sufficient to inhibit insulin-stimulated insulin promoter activity, tors by stimulation with 2.6 nM IGF-I did not activate 
E. (n ϭ 3). (B) On-line monitoring of ␤GK promoter-driven GFP expression (open bars) and insulin promoter-driven DsRed expression (closed bars) in cotransfected islet cells. Cells were cotransfected with pr␤GK.GFP and prIns1.DsRed and either expression constructs for wild-type isoforms of IR-A, IR-B, or the M1153I mutant of the respective receptor isoform, i.e., IR-Am and IR-Bm, respectively. Data are presented as the ratio of fluorescence obtained at minutes 240 and 60 and represent mean values Ϯ S.E. (n ϭ 10). (C) Effect of antibodies that block signaling through IR-A and IR-B (␣IR-AB), through IR-B (␣IR-B), and through IGF-I receptors (␣IGF-1R) on insulin-stimulated ␤GK promoter-driven GFP expression (open bars) and insulin promoter-driven DsRed expression (closed bars) in cotransfected islet cells. Cells were incubated with a 0.67 g/ml concentration of the respective antibodies 30 min prior to stimulation and throughout stimulation. Data are presented as the ratio of fluorescence obtained at minutes 240 and 60 and represent mean values Ϯ S.E. (n ϭ 10).
To start to understand the molecular mechanisms that receptor isoforms with GFP and DsRed at the C terminus of the ␤ subunit. Tagging both IR isoforms did not interunderlie the selectivity in insulin signaling via the two IR isoforms, we aimed to explain the different sensitivity fere with their physiological function (e.g., class Ia adaptor protein p85 (i.e., ⌬p85). Whereas tranthrough PI3K class Ia and p70s6k on the one hand, and via IR-B through a different PI3K activity, very similar to sient overexpression of ⌬p85 totally abolished insulinstimulated insulin promoter activity, this approach had that of class II, and PKB on the other. When separately overexpressing IR isoforms in HIT no effect on insulin-stimulated ␤GK promoter activation ( Figure 6C) . cells, we observed a more pronounced activation of p70s6k in cells overexpressing IR-A in response to insuTaken together, these data suggest a selectivity in insulin signaling in insulin-producing cells via IR-A lin stimulation, while cells overexpressing IR-B showed , 1991) have been described. These data have Selectivity in insulin signaling is currently discussed as implied differences in the function of either IR isoform, the result of the activation of specific signal transduction but no isoform-specific insulin-induced effect has been pathways. This selectivity may be gained by activating reported so far. In the present paper, we provide a "readspecific adaptor proteins (i.e., IRS and Shc proteins) out" system for discriminating selective signaling via that "channel" the insulin signal in a more defined way the two IR isoforms. We have demonstrated that the by specifically interacting with downstream located efmolecular basis for this selectivity could be provided by fector proteins ( ␤GK mRNA in rat and mouse pancreatic islets and islet cells. Levels of ␤ actin mRNA were analyzed by RT-PCR using primers 5Ј-AACTGG Expression Constructs AACGGTGAAGGCGA-3Ј and 5Ј-AACGGTCTCACGTCAGTGTA-3Ј. The construction of prIns1.GFP has been described earlier (Leibiger PCR conditions were chosen that guaranteed the amplification of et al., 1998a). prIns1.DsRed was generated by exchanging the GFP ␤GK and actin fragments within the linear range, as verified by expression cassette versus the DsRed-expression cassette from testing various numbers of amplification cycles (10-35). PCR prodpDsRed1-1 (Clontech). pr␤GK.GFP was generated by exchanging ucts were separated on a 6% polyacrylamide sequencing gel and the CAT expression cassette of pr␤GK-278.CAT (Leibiger et al., 1994a) analyzed Detection of fluorescence by digital imaging fluorescence microsfetal calf serum and supplemented with 100 U/ml penicillin, 100 copy was performed as described previously (Leibiger et al., 1998a; g/ml streptomycin, 2 mM glutamine at 5% CO 2 and 37ЊC. Before 1998b). The following filter settings were used: for GFP S65T : excitation stimulation, islets and islet cells were incubated for 2 hr in RPMI at 485 nm, a 505 nm dicroic mirror, and an emission band-pass filter 1640 medium supplemented as above but containing 3 mM glucose.
overexpression of the tagged IR isoform led to a pronounced insufor PI3K inhibitors we observed between insulin-stimulated insulin-and ␤GK-promoter activation (Figures 4D lin effect on the respective promoter activity to the same extent as the untagged IR) (data not shown). and 4E). One possible interpretation would be that the same PI3K is involved in the transcription of both genes Whereas transient coexpression of the same, but differently tagged (IR-A‫ف‬DsRed/IR-A‫ف‬GFP and IR-B‫ف‬GFP/ but that a lower PI3K activity is sufficient to trigger the cascade that activates ␤GK gene transcription via PKB. IR-B‫ف‬DsRed), IR isoform led to a complete colocalization (data not shown), coexpression of the differently If this is the case, inhibition of PI3K-mediated ␤GK transcription should require higher concentrations of worttagged IR-A and IR-B in either combination (IR-A‫ف‬
of 500-530 nm; for DsRed: excitation at 558 nm, a 565 nm dicroic HEK293 cells were grown in DMEM containing 5.5 mM glucose, mirror, and a 580 nm long-pass filter for emission. On-line monitoring 10% fetal calf serum, 100 U/ml penicillin, 100 g/ml streptomycin, was initiated 60 min following the start of stimulation and the 60 2 mM glutamine at 5% CO 2 and 37ЊC, and were transfected by the min value of GFP or DsRed fluorescence was set to 1.0. Cells to be calcium phosphate/coprecipitation technique as described earlier monitored were chosen randomly at minute 60 from six fields of (Leibiger et al., 1994a). Islets were transduced with Ad.r␤GK.GFP vision, and fluorescence was monitored up to minute 240. By overas described in 
